This experiment investigates the combustion and emissions characteristics of a common rail direct injection (CRDI) diesel engine using various blends of pure diesel fuel and palm biodiesel. Fuel injection pressures of 45 and 65 MPa were investigated under engine loads of 50 and 100 Nm. The fuels studied herein were pure diesel fuel 100 vol.% with 0 vol.% of palm biodiesel (PBD0), pure diesel fuel 80 vol.% blended with 20 vol.% of palm biodiesel (PBD20), and pure diesel fuel 50 vol.% blended with 50 vol.% of palm biodiesel (PBD50). As the fuel injection pressure increased from 45 to 65 MPa under all engine loads, the combustion pressure and heat release rate also increased. The indicated mean effective pressure (IMEP) increased with an increase of the fuel injection pressure. In addition, for 50 Nm of the engine load, an increase to the fuel injection pressure resulted in a reduction of the brake specific fuel consumption (BSFC) by an average of 2.43%. In comparison, for an engine load of 100 Nm, an increase in the fuel injection pressure decreased BSFC by an average of 0.8%. Hydrocarbon (HC) and particulate matter (PM) decreased as fuel pressure increased, independent of the engine load. Increasing fuel injection pressure for 50 Nm engine load using PBD0, PBD20 and PBD50 decreased carbon monoxide (CO) emissions. When the fuel injection pressure was increased from 45 MPa to 65 MPa, oxides of nitrogen (NOx) emissions were increased for both engine loads. For a given fuel injection pressure, NOx emissions increased slightly as the biodiesel content in the fuel blend increased.
Introduction
Modern countries consume a lot of energy due to rapid population growth and complex and diverse industrial development. Thus, many countries are consuming more and more energy based on fossil fuels. The use of fossil fuels is known to cause problems such as global warming, climate change, pollution of the atmospheric environment and depletion of fossil fuels [1] . Additionally, such usage can be detrimental to human health. Among the emissions from diesel engines, known as exhaust gas, that harm humans are hydrocarbons (HC), carbon monoxide (CO), particulate matter (PM) and oxides of nitrogen (NOx) [2] . For this reason, many researchers are working to study the use of biodiesel fuels [3] [4] [5] . Biodiesel oil is known as an alternative fuel for diesel engines. The beneficial characteristics of biodiesel fuels are high biodegradability, high cetane number, better inherent lubricity, renewability, sustainability, environmental friendliness, superior flash point and non-toxicity [6] . Further, biodiesel has minimal aromatic hydrocarbon and sulfur content. The biodiesel structure contains about 10-12% oxygen by weight. In addition, biodiesel oils can be used without modification of diesel engine parts, In this experiment, PBD oil with 0.004% sulfur content was blended with pure diesel, and the fuel injection pressure was changed from 45 to 65 MPa using these fuel blends. To investigate the characteristics as a function of PBD blending ratio, the engine was sufficiently warmed up to normal operating temperature before the experiment. The pilot and main injection timings were fixed at before top dead center (BTDC) 27 • CA and 3.5 • CA, respectively, to reduce the effects of engine and exhaust emissions due to changes in injection timing. The engine rpm was set to 1700 rpm and the experiment was conducted with engine loads of 50 and 100 Nm. In addition, the coolant temperature of the engine was 80 ± 5 • C and the intake air temperature was maintained at 25 ± 3 • C. The experimental operating conditions are summarized in Table 2 . The engine speed was fixed at 1700 rpm to isolate dependence of the fuel injection time on fuel injection pressure. In addition, the engine load was set to 50 Nm or 100 Nm to determine the fuel injection amount as a function of the engine load. The fuel injection timing was set in a range in which the engine operating state was stabilized. Therefore, the pilot injection was fixed at BTDC 27 • CA and main injection at BTDC3.5 • CA. Fuel injection pressures were applied at 45 and 65 MPa. The injection timing and duration for different injection pressures are shown in Figure 1 . When the injection pressure was increased for an engine load of 50 Nm, the pilot injection duration decreased by 0.06 ms and the main injection duration decreased by 0.17 ms. When the injection pressure was increased and the engine load was 100Nm, the pilot injection duration was confirmed to decrease by 0.02 ms and the main injection duration decreased by 0.19 ms. Increasing the fuel injection pressure at the same load led to an increase in the fuel injection amount, thereby reducing the fuel injection duration time. The engine speed was fixed at 1700 rpm to isolate dependence of the fuel injection time on fuel 121 injection pressure. In addition, the engine load was set to 50 Nm or 100 Nm to determine the fuel 122 injection amount as a function of the engine load. The fuel injection timing was set in a range in 123 which the engine operating state was stabilized. Therefore, the pilot injection was fixed at BTDC 27
124
°CA and main injection at BTDC3.5 °CA. Fuel injection pressures were applied at 45 and 65 MPa.
125
The injection timing and duration for different injection pressures are shown in Figure 1 . When the 126 injection pressure was increased for an engine load of 50 Nm, the pilot injection duration decreased 127 by 0.06 ms and the main injection duration decreased by 0.17 ms. When the injection pressure was 128 increased and the engine load was 100Nm, the pilot injection duration was confirmed to decrease by 
Test Engine and Experimental Procedure

Test Engine
A four-cylinder in-line turbocharged common rail direct injection diesel engine was used for this experiment. It is equipped with a crankshaft position sensor to detect the engine speed and a combustion pressure sensor to detect the combustion pressure of the combustion chamber. There is also a fuel rail pressure sensor that measures the rail pressure as the fuel pressure changes. To control the operation of the engine in real time, the engine control unit-electronic control unit (ECU) is mounted. Details of the engine are shown in Table 3 . An eddy current dynamometer (DY-230 kW, Hwanwoong Mechatronics, Gyeongsangnam-do, Korea) was installed to control the engine power. In addition, a multi-gas analyzer (HPC501, Nantong Huapeng Electronics, Jiangsu, China) was installed to measure CO, HC, and NOx in the exhaust emissions. A multiple gas analyzer (GreenLine MK2, Eurotron (Korea) Ltd., Seoul, Korea) was installed for accurate and comparative analysis of exhaust emissions. A partial flow collection analyzer (OPA-102, QROTECH Co., Ltd., Gyeonggi-do, Korea) was used to measure particle matter. Combustion pressure for combustion analysis of the combustion chamber was obtained using a piezoelectric pressure sensor (KISTLER Type 6056A, Kistler Korea Co., Ltd., Gyeonggi-do, Korea) at the glow plug position. For analysis of the combustion pressure, data were obtained over an average of 200 cycles. Data acquisition was performed and recorded using a DAQ board (PCI 6040e, National Instrument, Austin, TX, USA). The released particle matter was collected by a copper grid (FCF400-CU, Electron Microscopy Sciences, PA, USA) and transmission electron microscopy (H-7650 TEM, Hitachi Prefecture, Fukuoka, Japan) was used to analyze the shape of the particles. Figure 2 is schematic diagram of the inline experimental equipment. 
164
The heat release rate is a value calculated based on the combustion chamber pressure using the 165 first law of thermodynamics. The heat release rate represents the progress of normal combustion.
166
The following formula was used to calculate heat release rate ( ) [31]: 
Data Analysis
The heat release rate is a value calculated based on the combustion chamber pressure using the first law of thermodynamics. The heat release rate represents the progress of normal combustion. The following formula was used to calculate heat release rate ( dQ dθ ) [31] :
where k is the specific heat ratio, V is the cylinder volume, P is the combustion pressure, and θ is the crank angle. In these experiments, the average value of 200 cycles was calculated to ensure the reliability of the data acquisition. The cylinder volume is a function of the gap volume (V c ), cylinder diameter (D), the length of the connecting rod (b), the radius of the crankshaft (a), and the distance between the piston pin and the crankshaft (L).
The ratio of fuel consumption to braking power of an engine is defined as the brake specific fuel consumption. Brake specific fuel consumption data are calculated based on the fuel consumption, engine torque and speed values using the following formula [32] :
where . m f is the fuel flow rate, N is the engine speed, and T is the brake torque. To verify the combustion stability of the engine when using the test fuel in the experimental engine, the coefficient of variation (COV) for the indicated mean effective pressure was used. The coefficient of variation is the standard deviation divided by the arithmetic mean, also known as the relative standard deviation. The larger the coefficient of variation, the greater the relative difference. The coefficient of variation of IMEP (COV IMEP ) is given by [31] :
where IMEP(i) is the indicated mean effective pressure for each cycle. Here, the numerator is the standard deviation of indicated mean effective pressure (IMEP) over 200 cycles (N = 200) and the denominator is the average of these values. The brake thermal efficiency is the value of the brake power divided by the thermal energy of the feed fuel [32] :
where N e is the brake power output, B is the fuel consumption per unit time, and H L is the low calorific value of the fuel. Figure 3 shows the combustion pressure and heat release rate when the fuel injection pressure is increased in the biodiesel blended oil in the common rail compressed diesel engine. As seen in the figure, when the engine load was held constant at 50 Nm and the fuel injection pressure was Energies 2019, 12, 3837 7 of 16 increased from 45 to 65 MPa, the combustion pressure increased by 9.6, 9.6, and 10.4% for PBD0, PBD20, and PBD50, respectively. Additionally, the heat release rate under the same conditions was confirmed to increase by 12.1, 16.1, 11.2% in PBD0, PBD20, and PBD50, respectively. Keeping the engine load constant at 100 Nm and increasing the fuel injection pressure from 45 MPa to 65 MPa resulted in an increase in combustion pressure by 12.1, 13.5 and 13% for PBD0, PBD20 and PBD50, respectively. In addition, the heat release rate increased by 14.1, 15.4, 9. 2% under the same conditions. The reason is the high fuel injection pressure, which improves spraying and mixing. Therefore, fuel evaporation is activated in the boundary layer where compressed air meets injected fuel, resulting in better combustion. Thereby combustion pressure and heat release rate increased with increasing fuel injection pressure [33, 34] . Table 4 shows location of the maximum combustion pressure and the maximum heat release rate when the fuel injection pressure is increased. When the engine load was held at 50 Nm and the fuel injection pressure was increased from 45 to 65 MPa, the average time needed to achieve the maximum combustion pressure and maximum heat release rate was approximately 0.098ms faster for all fuels. When the engine load was held constant at 100 Nm and the fuel injection pressure was increased from 45 to 65 MPa, the average time to reach maximum combustion pressure and maximum heat release rate was 0.196 and 0.264 ms faster, respectively for all fuels. Table 4 . Crankshaft angle (ATDC) of the maximum combustion pressure and heat release rate. 
Results and Discussion
Combustion Characteristics
Combustion Pressure and Heat Release Rate
Combustion Peak Pressure
To investigate the change in maximum combustion pressure over each cycle, the experiment was carried out over 200 cycles. The fuel injection pressure was then increased from 45 MPa to 65 MPa. The experimental results showed that the average change in maximum combustion pressure for each cycle of the PBD0, PBD20, and PBD50 fuels increased by 10.32% at a 50 Nm engine load.
In addition, it was confirmed that the average change in maximum combustion pressure of each cycle increased by 12.7% in each experimental fuel at an engine load of 100 Nm. Figure 4 shows the maximum combustion pressure as a function of the engine load. Biodiesel's high viscosity and concentrations can lead to poor spray and volatility, resulting in poor combustion. However, the high oxygen content of biodiesel can improve combustion [11] . Many other researchers have reported that high fuel injection pressure can improve fuel atomization, even for high viscosity biodiesel [35] . 
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In addition, it was confirmed that the average change in maximum combustion pressure of 
Engine Performance
COV IMEP and IMEP Analysis
An experiment was conducted to find out the change of the indicated mean effective pressure in the experimental engine. Figure 5a ,b shows the change in IMEP, when fuel injection pressure was increased from 45 to 65 MPa, IMEP slightly increased by 0.95%, 8.5% and 3.8% for PBD0, PBD20 and PBD50, respectively. In addition, under the same conditions for 100 Nm of engine load, IMEP slightly increased by 2.2%, 6.2% and 2.8% when using PBD0, PBD20 and PBD50, respectively. An experiment was conducted to find out the change of the indicated mean effective pressure 236 in the experimental engine. Figure 5a ,b shows the change in IMEP, when fuel injection pressure was 237 increased from 45 to 65 MPa, IMEP slightly increased by 0.95%, 8.5% and 3.8% for PBD0, PBD20 238 and PBD50, respectively. In addition, under the same conditions for 100 Nm of engine load, IMEP 239 slightly increased by 2.2%, 6.2% and 2.8% when using PBD0, PBD20 and PBD50, respectively.
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In this experiment, we also determined the COVIMEP values. As seen in Figure 5c ,d, the COVIMEP 241 values for the 50 and 100 Nm engine loads are less than 1.6% and 0.9%, respectively, when the fuel 242 injection pressure is changed. This shows that the combustion state of the engine works well within 243 200 cycles. The increase in fuel injection pressure is evidence that the difference in combustion 244 pressure between each cylinder in the four-cylinder cylinder is not large and is relatively uniform.
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In addition, the COVIMEP value with respect to the biodiesel oil blend rate is lower than that of pure 246 diesel. This is likely because palm oil itself has higher oxygen content than pure diesel oil [21] . In this experiment, we also determined the COV IMEP values. As seen in Figure 5c ,d, the COV IMEP values for the 50 and 100 Nm engine loads are less than 1.6% and 0.9%, respectively, when the fuel injection pressure is changed. This shows that the combustion state of the engine works well within 200 cycles. The increase in fuel injection pressure is evidence that the difference in combustion pressure between each cylinder in the four-cylinder cylinder is not large and is relatively uniform. In addition, the COV IMEP value with respect to the biodiesel oil blend rate is lower than that of pure diesel. This is likely because palm oil itself has higher oxygen content than pure diesel oil [21] .
BSFC Analysis
As shown in Figure 6 , the BSFC with respect to the engine load exhibited an average value that was 16.3% lower for the engine load of 100 Nm than for the engine load of 50 Nm. For an engine load of 50 Nm, BSFC was reduced by an average of 2.43% when the fuel injection pressure was increased from 45 MPa to 65 MPa. In addition, the BSFC for the 100 Nm engine load showed an average reduction of 0.8% when the fuel injection pressure was increased from 45 MPa to 65 MPa. However, comparing the BSFC of pure diesel and biodiesel blends shows that BSFC values are increased in the biodiesel blends. The average value of BSFC increased with increasing biodiesel blended at 50 Nm of engine load. BSFC increased 4.07% and 1.91% at 45 and 65 MPa fuel injection pressures, respectively. In addition, the average value of BSFC increased with increasing biodiesel blended at 100 Nm engine load. BSFC increased 5.83% and 3.7% at 45 and 65 MPa fuel injection pressure, respectively. This is because the density and kinematic viscosity of biodiesel oil (877 kg/m 3 , 4.56 mm 2 /s) is higher than that of pure diesel (836.8 kg/m 3 , 2.719 mm 2 /s) and the lower calorific value is lower than that of pure diesel [25, 36, 37] . MPa for a 100 Nm engine load, HC emissions decreased by 24%, 15% and 18.2% using PBD0,
272
PBD20 and PBD50 fuels, respectively. As the proportion of biodiesel oil and fuel injection pressure 273 increased, HC emissions decreased because the high amount of oxygen in the biodiesel itself 274 reduces the amount of unburned HC in the exhaust [25, 38] .
275
In general, the biodiesel with high oxygen content can effectively deliver oxygen to the 276 pyrolysis zone of combustion spray to reduce smoke emission. In addition, the oxygen in biodiesel 277 ensures post-flame oxidation and increases flame speed during air-fuel interaction resulting in 278 complete hydrocarbon oxidation [39, 40] . Figure 7c,d 
285
This is because biodiesel itself contains high oxygen content, which can improve the combustion 286 environment of fuel even under partial oxygen deficiency conditions [25, 41] . Figure 7a ,b shows that the HC emissions decreased by 29.6%, 19% and 12.5% for PBD0, PBD20, and PBD50, respectively, when the fuel injection pressure was increased from 45 to 65 MPa for a 50 Nm engine load. In addition, when the fuel injection pressure was increased from 45 MPa to 65 MPa for a 100 Nm engine load, HC emissions decreased by 24%, 15% and 18.2% using PBD0, PBD20 and PBD50 fuels, respectively. As the proportion of biodiesel oil and fuel injection pressure increased, HC emissions decreased because the high amount of oxygen in the biodiesel itself reduces the amount of unburned HC in the exhaust [25, 38] .
Emission Characteristics
HC and PM
In general, the biodiesel with high oxygen content can effectively deliver oxygen to the pyrolysis zone of combustion spray to reduce smoke emission. In addition, the oxygen in biodiesel ensures post-flame oxidation and increases flame speed during air-fuel interaction resulting in complete hydrocarbon oxidation [39, 40] . Figure 7c,d shows the PM emissions when the fuel pressure was increased from 45 to 65 MPa using PBD0, PBD20, and PBD50 for engine loads of 50 Nm and 100 Nm. For an engine load of 50 Nm, the PM emissions decreased by 59.5%, 51.6%, and 52.1% using PBD0, PBD20, and PBD50, respectively, under these conditions. Additionally, when the fuel pressure was increased from 45 MPa to 65 MPa for an engine load of 100 Nm, the PM emission decreased by 41.7%, 43.5%, 52.7% using PBD0, PBD20, and PBD50, respectively. Overall, PM emissions of all tested fuels decreased with the increase of fuel injection pressure from 45 to 65 MPa. This is because biodiesel itself contains high oxygen content, which can improve the combustion environment of fuel even under partial oxygen deficiency conditions [25, 41] . pressure. Figure 9 shows a graph of the mean particle diameter, measured by analyzing the 294 diameter of the PM as well as the shape of the PM using TEM micrographs. When the engine load 295 was 50 Nm and the fuel injection pressure was increased from 45 MPa to 65 MPa, the diameter of 296 PM decreased by 4.7%, 2.5% and 0.4% on average in PBD0, PBD20 and PBD50, respectively. In 297 addition, when the engine load was 100 Nm and the fuel injection pressure was increased from 45 and PBD50, respectively. As a result, it was confirmed that the exhaust particle size of PM was 
Particulate Matter Characteristics
As shown in Figure 8 , transmission electron microscopy (TEM) images were taken to investigate the dependence of PM emission characteristics on the engine load and fuel injection pressure. Figure 9 shows a graph of the mean particle diameter, measured by analyzing the diameter of the PM as well as the shape of the PM using TEM micrographs. When the engine load was 50 Nm and the fuel injection pressure was increased from 45 MPa to 65 MPa, the diameter of PM decreased by 4.7%, 2.5% and 0.4% on average in PBD0, PBD20 and PBD50, respectively. In addition, when the engine load was 100 Nm and the fuel injection pressure was increased from 45 MPa to 65 MPa, the diameter of PM decreased by 11.7%, 6%, and 2% on average in PBD0, PBD20, and PBD50, respectively. As a result, it was confirmed that the exhaust particle size of PM was reduced by increasing the fuel injection pressure [11, 42] . shown in Figure 10a ,b for when the fuel injection pressure is increased from 45 MPa to 65 MPa. For 309 an engine load of 50 Nm, this fuel injection pressure increase resulted in CO emission decreases of 310 6.1%, 9.7% and 7.4% when using PBD0, PBD20 and PBD50, respectively. In addition, CO emissions 311 from PBD0, PBD20 and PBD50 decreased by 6.3%, 9.5% and 8.9% with this fuel injection pressure 312 increase for an engine load of 100 Nm. From the above results, as the biodiesel blended rate and 313 fuel injection pressure were increased, the CO emissions were decreased compared to pure diesel.
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This is because biodiesel itself contains about 11% oxygen, which can promote fuel towards 315 complete combustion. Increasing the fuel injection pressure resulted in a good mixture of air and NOx emission also changed for engine loads, fuel injection pressures, and fuel blends. The formation of NOx emissions is mainly related to the high temperature conditions in the combustion chamber. In general, the oxygen content in biodiesel increases the highest temperature in combustion chamber compared with that in diesel fuel with no oxygen content. The NOx emissions emitted from diesel engine is predominantly composed of NO, and with lesser amounts of NO 2 [44] . When the temperature in the combustion chamber exceeds 1700 K, a series of chemical reactions occur between N 2 and O 2 through Zeldovich mechanism to form a lot of NOx emissions [45] . The basic equation for the formation of NOx is listed in chemical reactions 6-8. High cetane number of biodiesel can shorten ignition delay, and high oxygen content can ensure better combustion resulting in higher cylinder temperature [46] . Therefore, the higher the oxygen content in fuel, the more the formation of NOx emissions.
N + OH ↔ NO + H
As shown in Figure 10c ,d, NOx emissions increased by 30.8%, 31.3% and 35.6% for an engine load of 50 Nm using PBD0, PBD20, and PBD50, respectively, as the fuel injection pressure increased. In addition, NOx emissions from PBD0, PBD20, and PBD50 increased by 35.8%, 35.9% and 34.9%, respectively, for a 100 Nm engine load. On the other hand, the NOx emissions of PBD20 and PBD50 were respectively increased by about 0.7% and 2.8% on average compared to PBD0, when the fuel injection pressures were respectively controlled at 45 and 65 MPa at an engine load of 50 Nm; for 100 Nm engine load, the NOx emissions were respectively increased by about 1.7% and 1.5% according to 45 and 65 MPa. The NOx emissions increased as the biodiesel blended rate and fuel injection pressure increased, due to the presence of the high chemically bound oxygen content in biodiesel compared to pure diesel, which resulted in increasing of combustion temperature and pressure in the combustion chamber. Other researchers reported that the oxygen content in biodiesel fuel plays an important role for formation of NOx emissions [25, 47] .
Conclusions
This study was conducted to investigate combustion and exhaust emission characteristics at 50 and 100 Nm engine loads using PBD0, PBD20, and PBD50 fuels in a common rail diesel engine as the injection pressure is increased from 45 to 65 MPa.
The combustion pressure and heat release rate increased with increasing fuel injection pressure for engine loads of 50 and 100 Nm. IMEP also increased when the fuel injection pressure increased for 50 and 100 Nm engine loads. COV IMEP values are less than 1.6% and 0.9% for the engine loads of 50 and 100 Nm, respectively, with increasing fuel injection pressures. When the fuel injection pressure was increased for an engine load of 50 Nm, the BSFC was reduced on average by 2.43%. Additionally, when the fuel injection pressure was increased for 100 Nm of engine load, the BSFC decreased by 0.8% on average. HC emissions were reduced for all fuels tested with increasing fuel pressure for 50 and 100 Nm engine loads. As the biodiesel oil content increased, the emission of HC decreased. PM decreased when the fuel pressure was increased from 45 to 65 MPa for both 50 and 100 Nm engine loads. CO emissions decreased when the fuel injection pressure was increased for an engine load of 50 Nm when using PBD, PBD20 and PBD50. CO emissions were also reduced with increasing fuel injection pressure for a 100 Nm engine load in PBD0, PBD20 and PBD50. As fuel injection pressure and biodiesel content were increased, CO emissions were decreased compared to pure diesel. When the fuel injection pressure was increased from 45 MPa to 65 MPa, NOx emissions were increased for 50 and 100 Nm engine loads. For a given fuel injection pressure, the amount of NOx emissions increased slightly as the biodiesel content in the fuel blend increased.
